collective species to include four species which are difficult to distinguish in their morphology, M. pinitorqua, M. laricitremulae, M. rostrupii, and M. magnusiana (Chapter 1, this volume). Since aspens and white poplars are not widely planted for commercial cultivation and exist only as wild and ornamental trees in Europe, the incidence of rust on these species has a much lower economic impact.
In this review, we will focus mainly on the three Melampsora species attacking poplars of the Aigeiros and Tacamahaca sections. Among these three species, M. larici-populina is responsible for most of the economic losses, causing the breakdown of several important resistance genes which had been released (Chapter 12, this volume) . At present, M. allii-populina is much less frequent and its economic impact is negligible . The North American species, M. medusae, present in Europe since the early 20th century, is very rare and restricted to south-western Europe (south-western France, Spain and Portugal; Pinon, 1986 Pinon, , 1991 . Although registered as a quarantine pathogen in the EU, this species causes no economic losses in Europe.
Interspecific Variability
The advances of molecular biology have brought new approaches to investigations of rust fungi, and molecular tools are increasingly being used in phylogenetic studies, DNA-based diagnostics and the study of genes involved in pathogenicity.
Comparison of internal transcribed spacer sequences
The nuclear ribosomal DNA, and especially the internal transcribed spacer (ITS) regions, has widely been used to assess genetic variability at the species level in many fungal genera, including rusts (Zambino and Szabo, 1993; Nakamura et al., 1998; Vogler and Bruns, 1998; Hantula et al., 2002; Maier et al., 2003) . In order to determine the phylogenetic relationships among the poplar Melampsora, we studied the ITS sequence of nine isolates of M. larici-populina, M. allii-populina and M. medusae. Additional sequence information available from the GenBank database (http://www.ncbi.nlm.nih.gov/), including a sequence from M. occidentalis, was added to this study (Table 5 .1). The full-length ITS sequences (ITS1, 5.8S, ITS2) were aligned using MULTALIN software (http://www. toulouse.inra.fr/multalin.html) (Corpet, 1988 ) and a phylogenetic tree was constructed using parsimony method in PAUP 4.0, using a heuristic search with the default settings (Swofford, 2002 trichocarpa 1995 1993 1997 1997 2002 2000 2001 1996 1996 1995 1986 1988 1988 1997 1997 1997 
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(1) (Innes et al., 2004) . Exactly the same ITS sequence was found in one isolate from France, two isolates from Canada (Innes et al., 2004) and 16 isolates from China (Tian et al., 2004) , whereas a few single nucleotide polymorphisms (SNPs) were found in other isolates from France, Morocco, South Africa and England (Fig. 5.1 ). One surprising feature is the position of M. occidentalis in this tree: the ITS sequence of M. occidentalis differs from that of M. medusae only by one TT→CG substitution at position 78-79 (Newcombe et al., 2000) , although the two species differ clearly for several characteristics, such as the morphology of urediniospores and the host range. Clearly, the ITS region does not discriminate between these two species sufficiently.
Development of species-specific polymerase chain reaction primers and application to the detection of M. medusae The three primer pairs were tested on a worldwide collection of 110 isolates belonging to the three species. All the isolates resulted in a positive amplification with the corresponding primer pair. No crossreaction was observed between the three species. We also determined the detection threshold of the M. medusae-specific primers. By adding serial dilutions of M. medusae DNA into M. larici-populina DNA, the detection threshold was found to be 10 −5 to 10 −6 , which corresponds to less than 10 urediniospores of M. medusae within a sample containing 2 mg (i.e. 800,000) urediniospores. The same sensitivity was found by adding serial dilutions of M. medusae urediniospores into M. larici-populina urediniospores.
Since M. medusae is registered as a quarantine pathogen in the EU (Anon., 2000) , the trade of poplar plants between and within EU countries is subjected to a phytosanitary passport which states the absence of M. medusae in the producer's nursery. Therefore, since 1993, all the commercial nurseries producing poplar saplings or cuttings in France have been inspected annually by the French Plant Protection Service (Laboratoire National de la Protection des Végétaux, LNPV) for the presence of M. medusae. The official detection method is based on observation of the morphological characters of the urediniospores. No M. medusae has been detected since 1998, even in south-western France. In collaboration with LNPV, we assessed the polymerase chain reaction (PCR)-based detection method, along with the official method. In 2002, 333 rust samples were collected in 154 commercial nurseries throughout France. All the samples were tested by PCR with the three primer pairs. The results of the molecular detection method were consistent with those of the morphological diagnosis: M. larici-populina was detected in 87% of the samples, M. allii-populina in 16% of the samples, and M. medusae was never detected. In 2003, although the number of samples collected was reduced greatly due to the exceptional drought that year, the results were similar to those in 2002, without any occurrence of M. medusae. In the future, the molecular detection method will be proposed as the official method for M. medusae detection, since the detection threshold is reduced by 10,000-fold, compared to the morphological method.
Interspecific Hybrids in Poplar Rusts
In the 1990s, two interspecific hybrids of Melampsora spp. were discovered in two different geographic areas. M. medusaepopulina, a hybrid of M. larici-populina and M. medusae, was first discovered in New Zealand in 1991 (Spiers and Hopcroft, 1994) and was subsequently found in South Africa. M. × columbiana, a hybrid of M. occidentalis and M. medusae, was discovered in 1995 in the Pacific Northwest region of the USA (Newcombe et al., 2000) .
Melampsora medusae-populina
M. medusae-populina was first discovered in New Zealand in 1991 (Spiers and Hopcroft, 1994) , where both M. laricipopulina and M. medusae were introduced in 1973 (Van Kraayenoord et al., 1974) . This new rust taxon presents several morphological characters which are intermediate between the two supposed parental species, the most evident being the presence of both apical and equatorial smooth patches on the surface of the urediniospores. The rust was discovered after it attacked several 'rustresistant' poplar cultivars (Spiers and Hopcroft, 1994) . These authors hypothesized that this hybrid arose in Australia, where both supposed parental species are present, and that it may have been transported to New Zealand by wind currents. The mechanism of hybridization still remains an enigma. Spiers and Hopcroft (1994) seemed to favour the hypothesis of anastomosis at the uredinial, i.e. dicaryotic, stage on poplar, instead of a heterologous plasmogamy on larch, which is the common alternate host for both parental species.
Independently, we found M. medusaepopulina in 1997 in samples originating from South Africa (unpublished data). Since both M. larici-populina and M. medusae have been described in South Africa since 1967 and 1985, respectively, M. medusaepopulina in this country may have originated from: (i) transportation from New Zealand or Australia; or (ii) a new hybridization event. In order to confirm the hybrid status of M. medusae-populina, we studied the ITS region of four mono-uredinial isolates of this taxon. After amplification, the amplicons were cloned and several clones were sequenced. Within each M. medusaepopulina isolate, two types of ITS sequences were found, one matching exactly that of M. larici-populina and the other matching that of M. medusae . Further confirmation of the hybrid status of M. medusae-populina was obtained with random amplified polymorphic DNA (RAPD) fingerprinting. For most of the RAPD primers tested, the hybrid showed DNA bands from M. larici-populina and M. medusae.
Melampsora ¥ columbiana
Melampsora × columbiana, a hybrid of M. occidentalis and M. medusae, was discovered in 1995 in the Pacific Northwest region of the USA by Newcombe et al. (2000) . This new rust taxon was discovered after many P. × interamericana cultivars became infected by rust. This hybrid arose after M. medusae was introduced to the Pacific Northwest in 1991, where only M. occidentalis was present (Newcombe, 1998) . Although less obvious than in the case of M. medusae-populina, the morphology of the urediniospores of M. × columbiana is intermediate between that of the parental species. The hybrid status also is evident from the host range: whereas M. medusae is mostly pathogenic to P. deltoides clones and M. occidentalis to P. trichocarpa clones, M. × columbiana combines both host ranges and is highly pathogenic on P. × interamericana hybrids. Thus the hybrid rust is particularly adapted to the hybrid poplars (Newcombe et al., 2001) . Newcombe et al. (2000) also studied the ITS region of M. medusae, M. occidentalis and M. × columbiana. The ITS sequences of M. medusae and M. occidentalis were found to be 99.7% identical, as they only differ by two base pairs at one position (Fig. 5.1 ). Of six isolates of M. × columbiana, two were found containing ITS sequences from both parental species, whereas three presented only the ITS sequence of M. medusae, and one that of M. occidentalis. Therefore, the authors suggested that the hybrids may have produced advanced generations such as F 2 and/or backcrosses.
These two hybrids illustrate perfectly the risk of interspecific hybridization between fungal species after a geographical transposition of one (or both) species into a new region (Brasier, 1995; Newcombe and Frey, 2002) . Phylogenetically close, but geographically distant, fungal species may hybridize when they come into contact in the same niche, and the resulting hybrids may become a 'superpathogen' in some cases (Brasier et al., 1999) .
Population biology of Melampsora larici-populina

Objectives
Since M. larici-populina is responsible for most of the economic losses in poplar cultivation in Europe, our efforts in population biology have focused mainly on this species. The populations of M. larici-populina have shown very rapid changes during the past two decades, through the rise of new virulence that overcame several resistance genes (Chapter 12, this volume). After the occurrence of a new virulence, a very rapid spread of the new virulent rust was observed, associated with the appearance of numerous new pathotypes through recombination . In the meantime, no obvious changes were noticed on the impact of rust on wild stands of P. nigra. Taking advantage of the presence in France of both wild stands of P. nigra and cultivated stands planted with exotic hybrids such as P. × euramericana and P. × interamericana, our studies were aimed mainly at comparison of the structure of M. laricipopulina populations in both pathosystems unpublished data) . Furthermore, some aspects of the biology and the epidemiology of this pathogen remained unknown. For instance, the relative role of sexual reproduction versus asexual survival remained unclear. Therefore, we examined more closely the effect of the presence of larch on the structure of M. larici-populina populations.
Markers used
We have described a universal differential set of poplar clones which discriminates eight virulences of M. larici-populina (Chapter 12). All the isolates studied were made from single uredinia and then inoculated on to leaf discs of the poplar differential set. Parameters studied were the frequency of each virulence, the frequency of each pathotype, the richness of the populations assessed with the Alpha, Shannon and Gleason indices , and the complexity of the populations, defined as the mean number of virulences per isolate (Andrivon and de VallavieillePope, 1995) . Along with these virulence markers, we also developed molecular markers. RAPD markers were used to compare the genetic structure of M. larici-populina populations. Microsatellites (or single-sequence repeat, SSR) markers are currently being developed. These co-dominant markers, suitable for automation, will be very useful tools for the study of migration, selection and genetic drift within and between populations of M. larici-populina.
Genetic structure of populations from wild versus cultivated poplar stands
In order to assess the effect of the nature of the host population, we compared the structure of M. larici-populina populations from wild and cultivated poplar stands. We selected wild riparian P. nigra stands along two rivers in the French Alps (Durance and Drac rivers), and cultivated stands in two main areas for poplar cultivation (Picardie, northern France, and Franche-Comté, north-eastern France). For each region, sites with and without larch (Larix decidua) in their vicinity (< 1 km) were selected in order to take the role of sexual reproduction on the structure of M. larici-populina populations into account. Pathotype analysis clearly distinguished the populations from wild and cultivated stands. Populations from cultivated stands comprised a significantly higher (P = 0.0001) number of pathotypes (Np = 13.1 ± 4.0) than those from wild stands (Np = 5.3 ± 2.2). Both the richness and the complexity of the populations were significantly higher (P = 0.0001) in cultivated than in wild stands ( Fig. 5.2) . Populations from cultivated stands were composed of numerous pathotypes combining many virulences, such as pathotype 1-3-4-5-7, which has been the most frequent since 1994 Miot et al., 1999) . In contrast, populations from the wild stands were composed of a few simple pathotypes, such as pathotypes 0, 2 and 4. These findings are consistent with those of previous studies . The high complexity of M. laricipopulina populations in cultivated stands raises the question of the cost of unnecessary virulence (Miot et al., 1999; Chapter 12) .
RAPD markers did not distinguish clearly populations of M. larici-populina from wild versus cultivated stands. The overall genetic distances between populations were low. Nei's unbiased genetic distance (Nei, 1978) between paired populations ranged from 0.01 to 0.07, suggesting a high gene flow at the country scale. Genetic distances were very low between pairs of populations from the same region. Similarly, F-statistics showed low values (F ST ranging from 0.02 to 0.09), suggesting a low degree of differentiation between populations.
Effect of the presence of larch
The presence of larch in the vicinity (< 1 km) of the selected poplar stands significantly increased the number of pathotypes (P = 0.001) either for cultivated or for wild stands. It also increased the richness of the populations (P = 0.001), but did not increase the complexity (P = 0.9). Surprisingly, we did not observe a reduction of the linkage disequilibria in the presence of larch, neither for virulence markers nor for RAPD markers.
Furthermore, a more detailed study of the space-time dynamics of M. laricipopulina populations along the Durance River gave us a better view of the natural pathosystem. Every year, rust epidemics seem to begin in the area where both poplar and larch occur, in the upstream of the river. During summer, the epidemics spread downstream following the continuous riparian forest of P. nigra. The dates of infection of P. nigra in the downstream part of the river clearly suggest that there is no asexual survival for urediniospores of M. laricipopulina. Thus the only primary inoculum source under this climate is larch. These findings are consistent with previous observations in the cultivated stands .
Comparison between regions with and without larch plants was also made in order to assess the role of sexual reproduction on the structure of populations of other larch-alternating Melampsora species. M. medusae populations from the areas in Canada where both poplar and larch occur, exhibited a higher genetic diversity compared to those from the areas in southern Canada and in the USA where only poplars occur (Bourassa et al., 1998) . Similar results were obtained by comparing sexual populations of M. larici-epitea on willow from Sweden and asexual populations from Northern Ireland (Samils et al., 2001 ; Chapter 7).
Conclusions
Although M. allii-populina and M. medusae are present in some parts of Europe and can infect cultivated poplar stands (mainly P. × euramericana and P. × interamericana cultivars), most of the damage is caused by M. larici-populina. With its ability to overcome several pathotype-specific resistance genes, this species is presently the main concern for poplar breeders (Lefèvre et al., 1998; Dowkiw et al., 2003) . There were great differences in the structure of M. larici-populina populations from cultivated and from wild poplar stands. The low complexity of M. larici-populina populations from wild stands may suggest a cost for unnecessary virulence, whereas the high complexity of populations from cultivated stands may suggest the opposite. This apparent contradiction may result from the difference in the rate of evolution of virulence markers versus molecular markers. Virulence markers have been shown to evolve very rapidly in the cultivated stands during the past 30 years. However, the genetic distances between populations from cultivated and wild stands were low, suggesting it is unlikely that there is a strong barrier between cultivated and wild stands. Anyway, the cultivated stands have existed only for about two centuries, whereas the fungus and its wild host, P. nigra, have coevolved for millions of years. Therefore, an in-depth study of the population genetics and population dynamics in the wild stands is useful, to have a better view of the cultivated pathosystem.
